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vascular smooth muscle cells; ternary complex factor SERUM RESPONSE FACTOR (SRF) is a broadly expressed transcription factor that regulates many processes under both physiological and pathological conditions (28) . In a variety of cell types SRF has been shown to regulate cell proliferation, migration, differentiation, and death. A number of different signaling pathways regulate these disparate functions of SRF. For example, growth factor or serum signaling through the extracellular signal-regulated kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway stimulates the phosphorylation of the ternary complex factor (TCF) family of proteins, such as Elk1, which interact with SRF. Upon this phosphorylation, Elk1/SRF complexes stimulate transcription of immediate-early genes, such as cFos and Egr1, to promote cell proliferation (8, 20, 42) . Signaling through the RhoA small GTPase cascade (8, 14) stimulates production of filamentous actin and activates the dissociation of cytoplasmic myocardinrelated transcription factor A (MRTFA) (MKL1) from globular actin, leading to nuclear accumulation and activation of MRTFA (31) . MRTFA then interacts with SRF to stimulate transcription of genes such as SRF itself, vinculin, junB, and smooth muscle differentiation markers (15, 18, 19, 40, 48, 51) . Upregulation of these factors allows SRF to regulate differentiation, migration, and adhesion. SRF is critical for the differentiation of skeletal, cardiac, and smooth muscle lineages (29, 36, 37) . SRF regulates smooth muscle differentiation through its interaction with coactivators such as myocardin and the myocardin family members MRTFA and MRTFB (7, 44) . SRF has also been implicated in regulating apoptosis through controlling the expression of anti-apoptotic molecules Bcl2 and Mcl-1 (39, 43) . SRF has been shown to be required for differentiation-dependent expression of Bcl-2 through a CArG sequence in the Bcl-2 promoter (39) , and SRF regulates Mcl-1 transcription through its interaction with the transcription factor Elk-1 (43) . Global SRF knockout mice are embryonic lethal due to a failure in gastrulation. The SRF Ϫ/Ϫ embryos form a misfolded endoderm and ectoderm and fail to form the mesodermal layer, indicating that SRF is critical for formation of the mesoderm from which most muscle is derived (3) . To circumvent this embryonic lethality a number of groups have specifically ablated SRF in different muscle tissues. These studies have shown that SRF is critical for the development of each muscle lineage, including smooth muscle (2, 9, 24, 27, 30, 35) .
In an attempt to identify other cofactors that regulate SRF activity, we conducted a yeast two-hybrid screen using SRF as bait (13) . From this screen we identified the homeodomain protein Barx2 (13) and a cDNA encoding the NH 2 -terminus of chromodomain helicase DNA-binding protein 8 (CHD8). CHD8 is a member of the CHD family of ATP-dependent chromatin remodeling proteins. CHD proteins, such as CHD8, contain two tandem chromodomains: an ATPase domain and a helicase domain. In addition to these domains, CHD8 contains two homeodomainlike Brk domains. Duplin, an NH 2 -terminal splice variant of CHD8 orginally discovered as a ␤-catenin-binding protein (38) , contains only the first of the two chromodomains. Chromodomains are regions of 40 -50 amino acids that are involved in chromatin remodeling and gene regulation (6) . These domains can serve as protein interaction modules, RNA-binding modules, or DNA-binding modules (1, 5, 11) . The chromodomains in CHD8 have been shown to specifically interact with histone H3 trimethylated at lysine 4 (49) . CHD8 exhibits ATP-dependent chromatin remodeling activity and represses ␤-catenin target genes (41) . CHD8 also binds to the insulator binding protein CTCF (17) , and the CHD8/CTCF complex plays an important role in the epigenetic regulation of insulator sites. Duplin/CHD8 knockout mice (simultaneous knockout of duplin and CHD8) are embryonic lethal and fail to form a primative streak or the mesodermal layer during gastrulation, indicating that CHD8/duplin plays a critical role in early development (33) . These knockout mice also displayed elevated apoptosis that could be partially rescued by crossing the knockout mice with p53 knockout mice, suggesting that CHD8 plays a role in protecting cells from p53-induced apoptosis (34) .
In the current study we demonstrate that CHD8 interacts with SRF and affects expression of SRF-dependent genes characteristic of differentiation. In addition, CHD8, together with SRF and CTCF, plays a significant role in protecting smooth muscle cells from apoptosis.
EXPERIMENTAL PROCEDURES
RNase protection assay. The RPA III protocol from Ambion was used to perform ribonuclease protection assays. Briefly, a probe was designed to span the alternatively spliced exons that give rise to duplin and CHD8 such that the duplin mRNA will protect a 318nt fragment of the probe, whereas CHD8 mRNA will protect a 150nt fragment. Mouse brain mRNA was used as a template for RT-PCR, and the resultant fragment was cloned, sequenced, and used as the probe for RNase protection analysis. RNA (25 g) from each mouse tissue was subject to RNase protection analysis.
GST-pull down assays. A series of SRF deletion constructs fused to GST, which were described previously (13), were utilized. In addition, a series of CHD8 truncations were constructed in the pET vector to perform the reverse experiment; CHD8 truncations employed in experiments are indicated in the figures. Bacterial proteins were isolated, and GST pulldown assays were conducted as previously described (13) . Binding interactions were visualized using standard Western blot techniques with primary antibodies against GST or T7 for pET vector fusion proteins.
Coimmunoprecipitation assays. Coimmunoprecipitation assays from mammalian cells were performed using the Active Motif Nuclear coIP Kit, according to the protocol suggested by the manufacturer with a few minor adjustments. Before the cells were harvested, the cells were incubated with 1 mM dithiobis[succinimidyl]propionate (DSP) for 30 min to cross-link intracellular proteins. Cross-linking was stopped by addition of 10 mM Tris, pH 7.5, in PBS for 15 min. Lysates were precleared for 1 h with 50 l of EZ view Protein A Sepharose (PAS) (Sigma) beads in 900 l of immunoprecipitate (IP) wash buffer. PAS beads were washed twice for 5 min in IP wash buffer with 1 mg/ml BSA and once for 5 min in wash buffer without BSA before addition to the antibody-lysate mixture. SRF was immunoprecipitated from 500 g of nuclear extract with ϳ5 g of proteinspecific antibody or IgG control. All conditions during the coimmunoprecipitation were low stringency. Standard Western blot techniques were used to visualize the presence of CHD8 (A310-225A, Bethyl Labs, Abnova, AO1) or SRF (G-20, Santa Cruz). A10 vascular smooth muscle cells (VSMCs) were utilized for collection of nuclear lysate. All experiments were repeated at least three times using independent nuclear lysates.
Quantitative chromatin immunoprecipitation assays. Quantitative chromatin immunoprecipitation assays were performed essentially as described previously (51) except that cells were treated with the chemical cross-linker EGS (1.5 mM in PBS, Pierce) for 20 min at RT before cross-linking with formaldehyde. Cross-linked chromatin was immunoprecipitated with 2 g of anti-CHD8 (Bethyl, A310-225A) or rabbit IgG control and bound to ssDNA/protein A agarose beads (Millipore). The precipitated DNA was then purified and amplified by real-time PCR for quantification of the target sequences using SYBR green PCR master mix (Roche) with respective gene-specific primers. Rat Birc5 promoter sense: 5=-GCCTGCAAACCCTGAAGAAG; antisense: 5=-GTCCTGGCCTAGGGTACCTCTCT-3=; rat cMyc insulator sense: 5=-GAACCTGGAAGCCCAGCAA-3=; antisense: 5=-TACTGGCCACA-GATCACAGCTTT-3=; rat smooth muscle myosin heavy chain (smMHC) promoter sense: 5=-TGCACGGGACCATATTTAGTCA-3=, antisense: 5=-CTCGAAACAAGAATTCCCAGCTT-3=.
Cell culture. All primary mouse cells and 10T1/2 mouse fibroblasts were cultured in DMEM supplemented with 10% FBS, 2 mM Lglutamine, and 50 units/50 g penicillin-streptomycin. A10 VSMCs were cultured in DMEM supplemented with 20% FBS, 2 mM Lglutamine, and 50 units/50 g penicillin-streptomycin.
Adenovirus construction and cell transduction. Previously published short-hairpin RNA (shRNA) sequences directed to CHD8 (nucleotides 6474-6492 of NM_201637) (17) , SRF (47), or CCCTCbinding factor (CTCF) (17) were cloned into the AdenoX vectors (BD Bioscience). The virus was packaged and harvested in HEK cells according to the manufacturer's protocol. Primary mouse colon or bladder SMC or A10 SMC were plated at a density of 5 ϫ 10 4 cells per well in 12-well plates and transduced with either CHD8, SRF, or CTCF shRNA or control shRNA virus as previously described (12, 47, 52) . A minimum of triplicate wells of cells were infected with each virus, and all experiments were repeated at least three times using independent preparations of smooth muscle cells.
TGF␤-induced myofibroblast differentiation. 10T1/2 cells were plated at a density of 3 ϫ 10 5 cells per well in a standard six-well format. After an overnight incubation at 37°C with 5% CO 2, cells were transduced with adenoviral-mediated shRNA targeting CHD8 as well as an shRNA control. After cells were transduced with virus for 4 h, the virus was aspirated and media was replaced with media supplemented with 0.5% FBS. Twenty-four hours later, cells were either given fresh 0.5% FBS media or treated with TGF␤1 at a final concentration of 2 ng/ml under low serum conditions for 24 h and then collected for analysis of gene expression by quantitative RT-PCR (qRT-PCR).
qRT-PCR. For the RT step, 0.5 g of RNA was reverse transcribed to cDNA using random hexamer primers (Invitrogen Superscript FirstStand Kit). A 1:10 dilution of the resulting cDNA was used in a quantitative PCR (qRT-PCR) reaction with SYBR green (Roche). Sequence-specific primers for CHD8, SRF, SRF's targets, and controls included the following: CHD8 sense 5=-CCAGCTCCAGCTCCAG-CAC-3=; anti-sense 5=-CCTGCAGTAGCAGCAACTCAG-3=; SRF sense 5=-GTTCATCGACAACAAGCTGC-3=; anti-sense 5=-CTGT-CAGCGTGGACAGCTCATAG-3=; cyclin D1 sense 5=-GCCAGAG-GCGGATGAGAACAAGC-3=; anti-sense 5=-GGTCACACTTGAT-GACTCTGG-3=; EGR1 sense 5=-GAGCACCTGACCACAGAGTC-3=; anti-sense 5=-CCACAAAGTGTTGCCACTGTTG-3=; SM ␣-actin sense 5=-CCAGAGTGGAGAAA GCCCAGC-3=; anti-sense 5=-GGCTGT-GCTGTC TTCCTCTTCAC-3=; SM22␣ sense 5=-CGAAGC CAGT-GAAGGTGCCTGAGAAC-3=; anti-sense 5=-CCCAAAGCCATTAG AGTCCTCTGCACTGC-3=; telokin sense 5=-GACACCGCCT-GAGTCCA ACCTCCG-3=; anti-sense 5=-GGCTTTTCCTCAGCAA CAGCCTCC-3=; cMYC sense 5=-CCACCAGCAGC GACTCTGAA-3=; anti-sense 5=-CTGTGCGGAGGT TTGCTGTG-3=; 36B4 sense 5=-GGACCCGAGA AGACCTCCTT-3=; anti-sense 5=-TGCTGCCGTT-GTC AAACACC-3=; and Birc5/survivin sense 5=-CTGGCCCTTCCTG-GAGGA-3=; anti-sense 5=-CTCGGTAGGGCAGTGGATGA-3=; CARD10 sense 5=-ATGTCGGATATCACAGGGAGTGT-3=, antisense 5=-CCTTCCGGCTTTCCCAAA-3=; caspase 1 sense 5=-TCTCA-CAGCTCT GGAGATGACAA-3=; antisense 5=-GACCATGAGA CAT-GAATACAAGGAA-3=: CTCF sense 5=-CGCGAAGAATGACCA-CAAATC, antisense CAGATCTCCGGTCCCTAGCTTCAA-3=. Primers for cFOS and vinculin were obtained from Qiagen (QT00147308 and QT00158319, respectively). Each of these primer sets spans introns in their respective genes.
Induction of apoptosis. A10 vascular SMCs were plated at 5 ϫ 10 4 cells per well in 12-well plates transduced in quadruplicate with either CHD8 shRNA, SRF shRNA, CTCF shRNA, or control shRNA virus as previously described (12, 47, 52) . In some experiments 72 h after transduction, cells were treated with 0.2 mM H2O2 for 6 h. Medium was collected, and wells were washed twice with PBS, which was added to the collected media. The pooled media and washes were spun at 2,000 rpm for 2 min at room temperature to accumulate any nonadherent cells. The PBS and media were then aspirated, and the pellet was washed once with PBS. In the meantime, 100 l of RIPA lysis buffer were added to each well, and the cells were incubated on ice for 10 min. Cells were then scraped into the corresponding tube with the cell pellet and incubated on ice an additional 5 min. Tubes were then spun at 14,000 rpm for 2 min at 4°C, and resulting supernatants were transferred to a fresh tube. BCA assays were performed to ensure equal loading during protein separation by SDS-PAGE. Standard Western blot techniques were employed to visualize changes in protein expression. TUNEL assays were performed using the TdT-FragEL DNA fragmentation detection kit (Calbiochem) according to the manufacturer's directions. Western blotting. For apoptosis studies, 20 g of protein were loaded for each sample during SDS-PAGE. Antibodies used include anti-SRF (Santa Cruz, G20), anti-CHD8 (Bethyl Labs, A310-225A; Abnova AO1), anti-CTCF (Santa Cruz, H-280), anti-phospho-H2A.X (Upstate), anti-cleaved-caspase-3 (Cell Signaling, 9661), anti-Poly-(ADP-ribose) polymerase-1 (PARP, Santa Cruz, H250), anti-GAPDH (Novus), anti-Bcl-2 (BD Biosciences), anti-Bcl-XL (Cell Signaling), anti-Mcl-1 (Abcam), and anti-nonmuscle-MHCIIb (Covance). For GST pull-down assays, antibodies used included anti-T7 (Novagen). GST was visualized via Ponceau staining. Secondary antibodies were used accordingly and included goat-anti-rabbit-horseradish peroxidase and goat-anti-mouse-horseradish peroxidase.
DNA methylation. DNA methylation assays were performed using a MethylCollector kit (Active Motif) essentially as described by the manufacturer. Briefly, A10 cells were transduced with adenovirus, and 48 h later genomic DNA was prepared (Genlantis). Purified DNA (4 g) was digested with RsaI to yield an ϳ400 bp fragment of the rat Birc5 promoter that includes the CpG island. Digested DNA (400 ng) was bound to his-tagged MBD2b to separate the methylated DNA. His-MBD2b-bound DNA was washed under low stringency conditions. The eluted DNA was analyzed by real-time PCR using Birc5 promoter primers: sense, 5=-TCTGGGAGGCAGTTGAGTAGCT-3=; antisense, 5=-GGCGCCAGGGCTTGCT-3=.
RESULTS
CHD8 is more widely and abundantly expressed than duplin. From a yeast two-hybrid screen of a mouse intestinal cDNA library (13), we isolated 2 cDNA clones that encoded the amino terminal 529 amino acids of CHD8/duplin. These cDNAs were used to screen a lambda gt11 cDNA library made from mouse intestine. From this screen, three additional cDNAs were isolated. One of these extended further 3= and included sequence encoding amino acids 282-770 of CHD8. Sequences of these clones together with the sequence from image clone no. 683 (Invitrogen) were used to compile the full-length mouse CHD8 sequence. This sequence was found to correspond to the previously annotated mouse CHD8 sequence NM_201637.2. Duplin, originally discovered in Rattus norvegicus (NM_022933) (38) , and CHD8 are alternatively spliced transcripts of the CHD8 gene. Both transcripts are identical in their first 8 exons; however, they diverge in exon 9 (Fig. 1, A and B) . CHD8 transcripts utilize an alternative splice donor site in exon 9 such that the stop codon encoded by the 3= portion of exon 9 is removed when the alternative donor site is spliced to exon 10. The most 3= cDNA that we isolated from our mouse intestinal cDNA library includes the exon 9 -10 splicing pattern characteristic of CHD8 rather than duplin.
To further evaluate the expression of duplin and CHD8, RNase protection assays were performed. A probe was constructed based on the sequence difference between the isoforms in exon 9 (Fig. 1, A and B) . Results from this analysis show that CHD8 is the predominant isoform expressed in all mouse tissues, and duplin could only be detected at low levels in brain by RT-PCR (Fig. 1, C and D) . The apparent lack of CHD8 in rat aortic A10 cells reflects species differences in the rat and mouse sequences that prevented its detection using RNase protection, as CHD8 can be readily detected by RT-PCR and Western blotting in these cells (Figs. 3-5) . From qRT-PCR data, CHD8 mRNA was found to be about 20% more abundent in A10 cells compared with 10T1/2 cells. qRT-PCR analysis of A10 cells using isoform-specific primers for duplin and CHD8 revealed ϳ200-fold greater expression of CHD8 compared with duplin in these cells (data not shown).
CHD8 binds to the MADS domain of SRF. To confirm our yeast two-hybrid result and to map the binding domains of SRF and CHD8, GST pull-down assays were performed ( Fig. 2A) .
Results from this analysis demonstrate that CHD8 binds to the MADS domain of SRF, and SRF binds to two regions in the NH 2 -terminus of CHD8 between amino acid residues 282-773 (Fig. 2, B and D) . SRF binds to a region between 282 and 483 of CHD8, and it also binds to the region encompassing 483-773. To confirm that CHD8 and SRF interact with each other in SMCs, coimmunoprecipitation assays were performed on nuclear extracts isolated from A10 cells. Western blot analysis revealed that endogenous CHD8 and SRF are found together in anti-CHD8 immune complexes in SMCs (Fig. 2E) .
CHD8 knockdown attenuates expression of SRF-dependent genes in SMCs.
To investigate the function of CHD8 in smooth muscle, CHD8 was knocked down in A10 VSMCs, using an adenoviral-encoded shRNA, and the subsequent effects on expression of SRF-dependent genes were determined by quantitative RT-PCR. Using this approach, we obtained an ϳ60 -70% knockdown of CHD8 (Fig. 3) . CHD8 knockdown resulted in a significant attenuation in expression of the smooth muscle differentiation markers smooth muscle-MHC and calponin by about 40 -50%, without affecting expression of telokin, SM22␣, or SRF (Fig. 3, top) . The attenuated expression of calponin and smooth muscle-MHC was similar to that seen following knockdown of SRF; however, knockdown of SRF also attenuated expression of telokin ϳ50%. Surprisingly, knockdown of either CHD8 or SRF did not affect expression of SM22␣, a known SRF-dependent gene. In primary cultures of mouse bladder and colon SMCs, loss of CHD8 also caused a small but significant 20 -25% attenuation in expression of differentiation genes, such as smooth muscle-MHC, SM22␣, calponin, and SM ␣-actin (calponin and SM ␣-actin were only measured in colon) (Fig. 3, middle and bottom) . Expression of vinculin also decreased following knockdown of CHD8 in bladder and colon SMCs, whereas expression of SRF was unchanged. cFos was more variable, its expression was unaltered in bladder SMC, whereas it was attenuated in colonic SMCs.
Because of the variable affects of CHD8 knockdown on cFos, we further determined whether CHD8 affected the serum stimulation of immediate early genes in primary colon SMCs. Knockdown of CHD8 was found not to affect the ability of serum to induce expression of cFos or SRF (data not shown). These data suggest that CHD8 is not required for serum induction of SRF-dependent growth/proliferation genes in colonic SMCs.
As SRF is important for both smooth muscle and myofibroblast differentiation, we next determined whether CHD8 is required for myofibroblast differentiation. We utilized transforming growth factor-␤ (TGF␤)-treated 10T1/2 cells as a model for myofibroblast differentiation. We found that knockdown of CHD8 in this system did not prevent TGF␤-dependent induction of smooth muscle markers such as SM22␣ and SM ␣-actin (data not shown). Similarly, knockdown of CHD8 did not significantly blunt the ability of myocardin to stimulate expression of smooth muscle-specific genes in 10T1/2 cells (data not shown).
Loss of CHD8 induces apoptosis in A10 VSMC. In the experiments described above we noted that in SMCs in which CHD8 levels were reduced there was a significant increase in the number of detached dead cells. Previous studies have linked SRF to apoptosis through its ability to activate the transcription of anti-apoptotic Bcl2 family members (39, 43) . To determine whether CHD8 plays a role in regulating apoptosis in SMCs, we knocked down expression of CHD8 or SRF in A10 VSMC and sensitized the cells to apoptosis with H 2 O 2 . Analysis of markers of apoptosis such as phospho-H2A.X, cleaved caspase-3, and cleaved PARP, in these cells, revealed that knockdown of either SRF or CHD8 induced apoptosis in the absence of any additional stimuli (Fig. 4, A and B) .
Apoptosis was further confirmed by increased numbers of small rounded detaching cells following CHD8 or SRF knockdown (Fig. 4C) , by immunofluorescence staining for active caspase-3 (Fig. 4D) , and by deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining (Fig. 4E) . Induction of low levels of apoptosis by H 2 O 2 to mimic free radical damage created during vascular injury enhanced the level of apoptosis in the knockdown cells, although H 2 O 2 alone was not sufficient to induce significant apoptosis under the conditions used. Surprisingly, neither SRF nor CHD8 depletion appeared to affect the expression of Bcl-2 (Fig. 4A) . While loss of SRF caused a small reduction in Mcl-1 expression and appeared to prevent the H 2 O 2 -mediated increase in Mcl-1, loss of CHD8 did not significantly affect its expression (Fig. 4A) . In addition, even though both SRF and CHD8 depletion cause apoptosisdependent cleavage of Bcl-XL, its total expression appears unchanged (Fig. 4A) . These data indicate that CHD8 plays an anti-apoptotic role in A10 VSMCs, but this is not due to altered expression of the known SRF-regulated anti-apoptotic genes in the Bcl2 family. This result also lead us to determine whether the anti-apoptotic effects of CHD8 may involve its previously described binding partner CTCF (17) . In support of this proposal, we found that CTCF knockdown also induced apoptosis in A10 SMC (Fig. 4B) . CTCF knockdown also resulted in a Fig. 1 . Chromodomain helicase DNA binding protein 8 (CHD8) is more ubiquitously expressed than duplin, its NH2-terminal splice variant. A: probe used for RNase protection assays was designed using exons 8 and 9 of duplin as shown in B. B: genomic sequence encompassing CHD8 exons 8 -10 as annotated from BLAT on 7-28-08 (only the partial sequence of the introns is shown). Exons of full-length CHD8 are shown in bold, exons included in duplin are underlined, and the stop codon highlighted. The shaded region is the probe used for RNase protection assays. C: probe shown in A was isolated by RT-PCR from RNA isolated from mouse brain. An ethidium bromidestained gel of the RT-PCR products are shown. D: ribonuclease protection assays were conducted to determine the amount of full-length CHD8 mRNA relative to its splice variant duplin in various mouse tissues (left) and cell lines (right). Arrows point to the expected location of bands protected by CHD8 or dupin. Note that no duplin expression was detected in this assay. Cyclophilin was used as an internal control; yeast RNA was used as a negative control (yeast). Sk. Musc., skeletal muscle; Vas Def, vas deferens; 10T1/2, 10T1/2 mouse fibroblasts; LI, mouse colon smooth muscle cell line; A10, A10 rat aortic smooth muscle; TTag, T-antigen derived colonic tumor cells; 3T3, NIH 3T3 mouse fibroblast; MB, myoblast; MT, myotubes. small reproducible decrease in CHD8 protein levels without affecting CHD8 mRNA levels (Figs. 4B and 5C ). The decreased CHD8 protein may reflect apoptosis-induced proteolysis of CHD8 as lower molecular mass bands were detectable on these blots with CHD8 antibodies (data not shown).
To identify possible targets of CHD8 that could be inhibiting apoptosis in A10 SMCs, we performed a PCR-based array screen of 84 apoptosis-related genes (SABiosciences catalog no. PARN-012A). Results from this screen, which were confirmed by direct qRT-PCR analysis, revealed decreased expression of two anti-apoptotic proteins CARD10 (75% decrease) and Birc5/survivin (a 50% decrease) in CHD8 knockdown cells. We also detected an increase (40%) in mRNA encoding the proapoptotic protein caspase 1 (Fig. 5A) . Knockdown of CHD8 in primary cultures of colonic SMCs also resulted in a decrease in Birc5 expression, although there was no significant decrease in CARD10 (Fig. 5B) . In contrast, we observed that knockdown of SRF attenuated expression of CARD10 but not Birc5 in A10 cells (Fig. 5A) , whereas knockdown of CTCF decreased Birc5 but not CARD10 (Fig. 5C ). These data suggest that CHD8 interacts with SRF and CTCF to regulate Birc5 and CARD10 expression and thereby promote survival of SMCs.
CHD8 directly binds to the Birc5 and smMHC promoters. Data described above suggest that CHD8 regulates expression of anti-apoptotic and smooth muscle-specific genes. To confirm that CHD8 can directly regulate these genes, we examined CHD8 binding to the Birc5 and smMHC promoters using quantitative chromatin immunoprecipitation assays (ChIP). These assays revealed similar levels of CHD8 binding to the Birc5 promoter, the smMHC promoter, and the cMyc insulator region, which has previously been shown to bind CHD8 (17) (Fig. 6) .
DISCUSSION
Previous studies have demonstrated that SRF plays important roles in regulating genes required for differentiation, proliferation, migration, and apoptosis through interactions with specific coactivators (8, 14, 20, 29, 36, 37, 39, 43) . In the current study we found that SRF associates with the chromatin remodeling enzyme CHD8 in SMCs and that CHD8 is required for expression of several SRF-dependent genes characteristic of differentiated smooth muscle. The importance of CHD8 was both gene and cell-type specific. For example, whereas knockdown of CHD8 attenuated smMHC expression in each of the smooth muscle cell types examined, it did not affect telokin expression. As both of these genes are known to be regulated by SRF and myocardin family members, these data suggest that there are distinct as well as common aspects of the regulation of these two genes, which ultimately leads to their Fig. 2 . Serum response factor (SRF) and CHD8 interact both in vitro and in vivo. A: schematic of the structural domains of SRF and the mutant proteins used to identify the binding domain of CHD8. B: GST-SRF-WT, GST-SRF-⌬1, GST-SRF-⌬2, GST-SRF-⌬3, or GST alone were bound to glutathione beads and incubated with CHD8⌬1 pET bacterial lysate to determine the minimal portion of SRF that binds to CHD8. n ϭ 2. C: schematic of the structural domains of CHD8 and the mutant proteins used to identify the binding domain of SRF. D: GST-SRF-⌬2 was incubated with bacterial lysate of various truncations of CHD8. After washing was completed, the glutathione bead-bound proteins were analyzed by Western blot analysis. Presence of GST proteins was confirmed by staining the membrane with Ponceau S (bottom). n ϭ 2. E: proteins were immunoprecipitated with a SRF-specific antibody (Santa Cruz, G20) or an IgG control, from nuclear lysates of A10 cells. Western blot analysis of the immunoprecipitated proteins was conducted using the primary antibodies specific for CHD8 (Bethyl, A310-225A) and SRF (Santa Cruz, G20). The image shown is representative of three separate experiments. differential expression. Consistent with this, there is only a single CArG box in the telokin promoter to which SRF binds and interacts with myocardin and other factors to regulate transcription (52) . In contrast, SRF binds to multiple sites within the smMHC promoter and intronic enhancer to facilitate multimerization of myocardin to drive transcriptional activity. (46) Given that CHD8 binds to the MADS domain of SRF, which is also the main binding domain for many other cofactors such as Elk1 and myocardin, it is perhaps not surprising that CHD8 does not act identically on all SRF target genes. SM22␣ expression was attenuated in SMC from bladder and colon but not in A10 vascular SMCs following knockdown of CHD8 (Fig. 3) . Surprisingly, SRF knockdown also did not attenuate SM22␣ expression in A10 cells. These data may suggest that SM22␣ is transcribed by SRF-independent mechanisms in these cells; however, this finding more likely reflects the partial knockdown of SRFs and CHD8 together with the high affinity of the SM22␣ promoter for SRF (21) . Although we observed a small decrease in basal expression of cFos, an SRF-dependent gene required for proliferation, in colon SMCs following CHD8 knockdown, the ability of serum to stimulate cFos expression was not affected by CHD8. This would suggest that CHD8 is perhaps not required for the ets/Elk-dependent activation of SRF target genes.
CHD8 could regulate SRF-dependent genes through a number of different mechanisms. CHD8 has been shown to bind to histone H3 that is di-and tri-methylated at K4, through its chromodomains (49) . In addition, this modified histone has been shown to be associated with smooth muscle-specific genes that are actively transcribing and to associate with SRF/myocardin complexes (26) . Based on these observations we propose that CHD8 may function to help recruit SRF to the promoters of smooth muscle-specific genes through CHD8's chromodomains interacting with histone H3 K4diMe. CHD8 could also affect expression of differentiation genes directly through its role as an ATP-dependent chromatin remodeling enzyme (41) . In support of this proposal, CHD8 has been shown to be present in complexes that also include the switch/ sucrose nonfermentable (SWI/SNF) chromatin remodeling enzymes (41), and we have previously shown that the SWI/SNF complex plays a critical role in the induction of smooth muscle differentiation genes by the myocardin family of transcription activators (51, 53) .
Loss of CHD8 resulted in a marked increase in apoptosis of A10 VSMCs, indicating that CHD8 normally has an important survival function in these cells (Fig. 4) . This is consistent with the massive apoptosis that was observed in global CHD8 knockout embryos (33) . It has also been reported that duplin (the short form of CHD8) suppresses p53-mediated apoptosis (34) , and simultaneous knockout of p53 and duplin/CHD8 partially rescued the lethal phenotype of duplin/CHD8 null mice (34) . Interestingly, these double knockout mice now die due to vascular defects at E10.5. Although we cannot rule out a possible role for p53 in the apoptosis induced by knockdown of CHD8 in A10 cells, we did not observe any elevated expression of the p53 target gene p21 (Fig. 5) . In fact, we observed decreased expression of p21 following knockdown of either SRF or CHD8 (Fig. 5A) . The decreased expression of p21 is consistent with recent data showing that p21 is activated by myocardin/SRF complexes in SMCs (22) . Anti-apoptotic activity has previously been attributed to the short duplin Fig. 3 . Knockdown of CHD8 causes reduced expression of SRF-dependent genes. Rat A10 vascular smooth muscle cells (VSMCs) or passage 1 primary mouse bladder or colon SMCs were transduced with an adenovirus containing either CHD8-specific short hairpin RNA (shRNA) or control shRNA. At 72 h after transduction, RNA was isolated, and transcripts were quantitated by real-time RT-PCR. Transcript levels were firstly normalized to 36B4 internal loading control and then normalized to their respective shControl group. Relative expression ϭ 2
Ϫ⌬⌬Ct and ⌬⌬Ct ϭ (Ctexperimental Ϫ Ct36B4) Ϫ (Ctcontrol Ϫ Ct36B4). *Samples were statistically different from controls (P Ͻ 0.05, n ϭ 12-17 for colon and bladder and n ϭ 6 -10 for A10 cells). isoform as opposed to the longer CHD8(34); however, we found that CHD8 is the predominant isoform found in adult smooth muscle tissues and cells where duplin is largely undetectable (Fig. 1) . This would suggest that in SMCs CHD8 also exhibits anti-apoptotic activity. The unexpected finding that CHD8 is important for expression of the anti-apoptotic proteins Birc5 and CARD10 in A10 VSMCs is consistent with the vascular defects noted in the CHD8/p53 knockout mice and suggests that CHD8 may play an important survival role in VSMCs independent of any protective effects it exerts through regulation of p53. Interestingly, Birc5 transcription and Mcl-1 levels are also repressed by p53, hence in p53 knockout mice Birc5 and Mcl-1 levels would be increased promoting cell survival, thereby contributing to the protective effects of p53 knockout in the p53/CHD8 double knockout mice (10, 16, 32) . Previous studies have shown that in a rabbit balloon injury model, Birc5 is upregulated 4 to 7 days postinjury in medial SMCs, and Birc5 expression peaked in the neointima and media at day 14 postinjury (4). Importantly, after stimulating SMCs with serum, PDGF-AB, or HB-EGF, Birc5/survivin expression was increased by 16-fold, 13-fold, and 9-fold, respectively, with peak levels detected at 20 to 24 h poststimulation (4). Moreover, expression of a nonphosphorylatable Birc5/survivin induced apoptosis in proliferating VSMCs. These data suggest that decreased survivin/Birc5 activity in VSMCs is sufficient to induce apoptosis. Although our studies focused on A10 SMCs, our data together with these previously published studies and the observation that Birc5 is also decreased following CHD8 knockdown in colonic SMCs (Fig.  5B) , suggest that CHD8 may play an important role in VSMC survival in vivo. In addition to the observed decrease in Birc5 following knockdown of CHD8, we also observed a decrease in the anti-apoptotic protein CARD10. CARD10 is a member of the membrane-associated guanylate kinase family that transmits signals through BCL10 leading to activation of nuclear factor (NF)-B (45) . Decreased expression of CARD10 would thus be predicted to decrease the activity of this survival pathway. The decreased activation of NF-B survival signaling due to the attenuated CARD10 and increased caspase activation mediated by loss of Birc5 provide mechanisms to account for the apoptosis seen in A10 cells following knockdown of CHD8. The increased expression of caspase 1 observed following CHD8 knockdown may be more associated with an increased inflammatory response as opposed to increased apoptosis as the main function of this caspase is to activate inflammatory cytokines such as IL-1␤ (25) . In support of this, SRF knockdown decreased caspase 1 expression while still inducing apoptosis (Figs. 4 and 5) .
Although we isolated CHD8 as an SRF-associated protein, and either knockdown of CHD8 or SRF induced apoptosis in A10 VSMCs, it is likely that the mechanisms by which SRF and CHD8 protect cells from apoptosis have both common as well as distinct elements/components. For example, knockdown of either protein decreased CARD10 expression, suggesting that SRF/CHD8 complexes may regulate expression of this gene, whereas Birc5 expression decreased only in response to CHD8 knockdown and Mcl-1 expression was decreased only in response to SRF knockdown (Figs. 4 and 5) . Previous studies have also demonstrated a role of SRF in regulating cell survival in embryonic stem cells in which the prosurvival activity of SRF was attributed to its ability to regulate differentiation-dependent transcription of the anti-apoptotic factor Fig. 5 . Loss of CHD8 causes attenuated expression of Birc5/survivin and Card10. A10 VSMC (A, C) or primary mouse colonic SMCs (B) were transduced with adenovirus encoding shRNA directed against CHD8 (solid bars), SRF (stippled bars), shCTCF (hatched bars), or a nontargeting control (shaded bars). 72 h following transduction, RNA was isolated, and transcripts were analyzed by qRT-PCR as described in Fig. 3 . *Transcripts showing statistically significant changes from controls (n ϭ 6 -8 for A10 and n ϭ 6 for colon. P Ͻ 0.05). Bcl-2. In contrast to these studies, we did not observe any change in expression of Bcl-2 following knockdown of SRF in A10 VSMCs, suggesting that the activities of SRF are cell-type specific (Fig. 4) . Consistent with our observations in A10 cells, SRF has also been shown to regulate expression of the antiapoptotic factor Mcl-1 in both HeLa cells and EcR293, transformed human embryonic kidney cells (43) . Relevant to this are studies showing that the anti-apoptotic activity of Mcl-1 in VSMCs results from its ability to stabilize fortilin (50) . As attenuated Birc5 expression was found following knockdown of CHD8 but not following knockdown of SRF, this would suggest that CHD8 is regulating Birc5 expression through an SRF-independent mechanism. Previously, CHD8 was shown to interact with the chromatin insulator factor CTCF. Through this interaction, CHD8 was able to function in the epigenetic regulation of the reciprocal transcription of H19 and IGF2, as well as to participate in preventing the spread of CpG methylation or condensed chromatin adjacent to the BRCA1 and c-myc promoters, respectively (17) . We found that knockdown of CTCF also induced apoptosis in A10 SMCs that was associated with decreased Birc5 expression (Fig. 5C ). These data suggest that CHD8/CTCF complexes may be important for regulating Birc5 expression. Interestingly the Birc5 promoter has been reported to contain a CpG island (23) raising the possibility that CHD8/CTCF complexes regulate Birc5 expression through inhibition of promoter methylation. However, although we found that knockdown of CHD8 or CTCF tended to increase the methylation status of the CpG island in the Birc5 promoter, these changes were not significant (data not shown). These data would suggest that this is perhaps not the main mechanism through which these proteins regulate Birc5 expression.
In summary our data demonstrate that SRF, CHD8, and CTCF complexes play important roles in regulating differentiation and survival of SMCs. Our data further demonstrate that SRF activity can be modulated through recruitment of the CHD8 chromatin-remodeling enzyme. Collectively, these data provide new insights into mechanisms regulating survival pathways in smooth muscle cells that have been shown to play important roles in vascular pathophysiology.
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